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ABSTRACT 


Keat  transfer  rates  to  the  forward  surface  of  a  4- in,  diameter  sphere 
were  measured  at  a  flow  of  Mach  5  at  Re^  from  1.3  to  2.9  X  10^.  The  sphere 
surface  varied  in  roughness  in  terms  of  stagnation- point  houndary-layer  thick¬ 
nesses  from  smooth  to  12.5  6  with  the  roughness  dimension  characterized  by 

Nikuradse’s  equivalent  sand  roughness  dimension.  For  the  smooth  wall,  the 
boundary  layer  remained  lcminar  over  the  Re^  range.  Transition  was  obtained 
by  the  addition  of  roughness  equal  to  t  .«  however,  the  resulting  turbulent 
heating  was  lower  than  that  predicted  by  an  exact  solution  of  the  smooth-wall 
boundary- layer  equations.  When  the  roughness  wee  changed  to  2  to  3  6  ,  the 
peak  heating  reflected  the  predictions  more  closely. 

In  comparison  with  essentially  steady  wind-tunnel  measurements  at 
equivalent  flow  conditions,  the  present  work  yielded  generally  lower  heat- 
trancfer  rates  for  similar  roughness  dimensions.  It  is  proposed  that  the 
different  character  of  the  roughness  as  well  as  its  magnitude  could  Influence 
the  measured  heat -transfer  rates. 
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NOMENCLATURE 


D  model  diameter 

d  roughness  Lead  dimension 

H  total  enthalpy 

K  Nikuradse's  equivalent  sand  roughness 

k  thermal  conductivity 

Nu  Nusselt  number  =  [9/(«e  "  \)]  Cpx/p 

Px*  Prandtl  number  =  c^p.  /x 

q  heat- transfer  race  to  the  model  wall 

Re^  p  uJD/ia 

p  co  oo  <  >eo 

Re  p  U  x/u 

w  *w  e  /pw 

x  distance  along  model  from  stagnation  point 

6  boundary-layer  thickness 
p  density 

p  viscosity 

0  angular  distance  from  stagnation  point 
Subscripts 

co  free- stream  conditions 

e  edge  condition 

w  wall  conditions 

s  stagnation-point  conditions 

Is  calculated  laminar  stagnation-point  conditions 
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I.  INTRODUCTION 

Surface  roughness  effects  have  been  shown  to  be  important  in  predicting 
heat  transfer  rates  to  bodies  in  high-Reynolds-number  flows  (Ref.  l).  This 
roughness  at  high  Reynolds  numbers  produces  large  increases  in  surface  heat 
flux  compared  with  smooth  surfaces  (Refs.  1  through  3) *  This  increase  in  surface 
heat  flux  has  recently  become  of  interest  in  the  prediction  of  ablation  rates 
and  shape  changes  of  high-speed  reentry  vehicle  nose  tips  (Ref.  3). 

Much  work  has  been  done  in  this  area  for  laminar  boundary -layer  flow, 
where  it  is  well  known  that  maximum  heat  flux  occurs  at  the  stagnation  point 
of  a  sphere.  Less  information  is  available  for  the  case  of  turbulent  boundary 
layers,  where  at  sufficiently  high  Reynolds  numbers)  the  heat  flux  is  expected 
to  be  maximum  near  the  sonic  point  (Ref.  4).  This  report  presents  heat- transfer 
measurements  made  on  the  forward  surface  of  a  4- in.  diameter  sphere  with  the 
wall  roughness  size  ranging  from  zero  to  one  order  of  magnitude  greater  than 
the  stagnation-point  boundary-layer  thickness.  It  was  expected  that  these 
measurements  would  provide  a  guide  for  predicting  the  heating  effects  of  rough¬ 
ness  on  blunt-nose  reentry  shapes. 

The  measurements  were  made  in  a  shock-tunnel  facility  at  Mach  5  with 
the  unit  Reynolds  number  varying  from  2.7  to  9  X  10^  ft""*".  The  results  are 
compared  with  the  existing  predictions  of  King'1'  and  Beckwith  and  Gallegher 
(Ref.  4)  and  also  with  some  recently  available  measurements  from  Avco  (Ref.  5), 
Differences  in  the  results  are  discussed. 


1  W.  S.  King,  The  Aerospace  Corporation,  private  communication  (1970). 
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II.  MODEL  AND  INSTRUMENTATION 


Because  of  the  short  test  time  and  relatively  lew  heat  rates  expected 
in  the  test  facility,  thin  platinum-film  resistance  thermometers  were  chosen 
as  the  heat  sensing  gages.  These  are  mounted  on  insulating  surfaces  and 
sense  the  change  in  temperature  with  essentially  no  lag  because  their  thermal 
capacity  is  small  compared  to  the  surface  on  which  they  are  mounted.  By  use 
of  analog  networks  (Ref.  6),  temperature  change  is  converted  to  heat-transfer 
rate  at  the  model  surface. 

The  most  satisfactory  measurements  were  obtained  on  models  made  from 
the  bottom  half  of  4-in.  diameter  boiling  flasks.  The  thin  platinum  films 
were  mounted  directly  on  the  surface  of  these  hemispheres  at  5-deg  intervals 
from  the  stagnation  point  to  60  deg.  Hanovia  liquid  bright  platinum  paint  was 
used  to  make  the  film  as  detailed  by  Vidal  (Ref.  7).  Holes  were  drilled  through 
the  wall  cf  the  glass  hemisphere  to  provide  passage  for  electrical  leads.  After 
the  gages  were  installed  and  the  leads  connected,  an  aluminum  adapter  ring  was 
cemented  to  the  inside  rim  of  the  glass  model  and  the  interior  of  the  model 
was  filled  with  epoxy.  Thus,  a  strong,  solid  sphere  was  formed  (Fig.  1)  that 
was  capable  of  withstanding  more  than  10  atm  stagnation  pressure  that  was 
applied  during  the  tests. 

Walls  were  roughened  by  the  application  of  tiny,  smooth  glass  sphex*es 
cemented  to  the  surface  in  a  close-packed  arrangement.  Spheres  were  used 
making  it  possible  to  characterize  the  surface  roughness  according  to  NIkuradse:s 
equivalent  sand  roughness  criterion  K  (Ref.  8).  A  smooth  wall  and  three  degrees 
of  roughness  that  were  1,  3,  and  12  times  the  stagnation-point  boundary- layer 
thickness  6  g  were  used.  The  roughness  bead  dimension,  d  with  K  are  shown  in 
Table  I  along  with  the  stagnation -point  boundary-layer  thickness  ratio  K/*g. 
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Table  1,  Wall  Roughness  Used  in  Tests 


Wall 

a, 

in. 

K, 

in. 

K/V 

in. 

Smooth 

0.0005 

0.0003 

0.1 

Rough 

0.004 

0.0025 

0.9  -  1.25 

0.010 

0.0063 

2,3  -  3.1 

0.040 

0,025 

9.0  -  12.5 

The  beads  were  most  successfully  applied  with  thinned  glyptol  enrnel. 
When  the  enamel  became  tacky,  the  model  was  thrust  into  a  container  of  the 
beads.  Careful  cheeking  was  required  to  make  sure  that  only  a  single  layer 
of  beads  covered  the  model  and  that  no  large  gaps  existed.  In  Pig.  2>  a  close- 
up  of  the  roughness  model  surface  for  O.OOk-in.  diameter  beads  is  shewn. 
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in.  FACILITY 


The  tests  were  conducted  in  The  Aerospace  Corporation  hlgh-Reynolas- 
number  shock  tunnel.  This  facility  has  a  6  3 /8-±n . diameter  driven  section 
and  is  25  ft  long.  The  driver  is  3  in.  in  diameter  and  10  ft  long.  A  2-in. 
diameter  throat  at  the  end  of  the  shock  tube  and  a  12-in.  diameter  test  section 
provided  flow  at  Mach  5  at  the  exit  of  the  conical  nozzle. 

With  a  maximum  driver  pressure  of  about  4500  psig  available,  the  highest 
practical  unit  Reynolds  number  was  9  x  lO^ft"1.  A  driver  gas  of  90 1o  helium 
and  10$  Argon  (to  provide  tailored  interface  conditions  and  long  constant 
reservoir  conditions)  driving  air  at  an  initial  pressure  of  3»04  atm  was  used 
to  obtain  this  value.  The  shock  Mach  number  was  2.16,  and  the  reflected  shock 
pressure  that  served  as  the  reservoir  pressure  was  about  54  atm  at  a  temperature 
of  90°°K.  Testing  time  was  4  msec. 
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IV.  RESULTS 


Before  the  recults  are  presented;  a  ccnsnent  about  whet  the  heat  gages 
measure  for  this  type  of  mounting  is  required.  The  -chin-film  resistance 
thermaaeters  are  mounted  on  the  model  "before  the  glass  beads  are  applied.  Hence, 
after  the  beads  are  applied;  the  the r some ter  was  sitting  on  the  bottom  of  a 
notch  equal  in  depth  to  the  diameter  of  the  beads  and  about  0.04  in.  vide. 
Therefore,  the  heat  measured  should  be  characteristic  of  that  on  the  bottom  in 
the  center  of  an  open  cavity  of  depth  d  and  length  L.  The  thermometer  was 
about  0,010-in.  vide  and  hence  occupied  a  region  of  the  bottom  of  from  X/L  = 

O.38  to  0.62.  According  to  measurements  by  Emery,  et  al.  (Ref.  9)>  in  a 
turbulent  boundary  layer  flow,  for  L/d  =  2,  the  smallest  notch  width  they 
studied,  the  heat  transfer  in  the  middle  of  the  notch  was  0.53  times  that  for¬ 
ward  of  the  notch.  For  L/d  =  4,  the  ratio  is  0.65.  Hence,  the  heat  rates 
measured  for  the  0,04-in.  bead  model  should  be  multiplied  by  1/0.53  and  for 
the  0.01  in.  bead  model  by  I/O.65.  For  the  0.004-in.  bead  model,  the  boundsry 
layer  off  the  stagnation  point  was  thick  in  comparison  to  the  notch  depth,  and 
the  correction  factor  was  neglected.  With  data  treated  in  this  way,  the  heat- 
transfer  rate  normalized  with  respect  to  the  calculated  laminar  stagnation 
point  heat  transfer  was  plotted  as  a  function  of  angular  position  from  the 
stagnation  point.  These  data  are  shown  in  Figs.  3>  4,  5,  and  6  for  smooth 
walls  and  three  roughnesses  and  for  Reynolds  numbers  based  on  free-streami  con¬ 
ditions  and  the  sphere  diameter  Re^  from  1.3  to  2.9  x  10^.  The  data  were 
normalized  with  respect  to  the  laminar  stagnation  point  heat  transfer  calculated 


where  c  =  p^jz^/p^u^  and  D  is  in  feet.  Also  included  in  the  figures  are  the 
predictions  for  laminar  and  turbulent  heat-transfer  obtained  by  King1  from  an 
exact  numerical  integration  of  the  time-dependent  boundary- layer  equations. 
For  the  turbulent  prediction,  a  mixing  viscosity  model  with  the  eluy  in  the 


8 ,  deg 


Pig.  3*  Heat  transfer  to  smooth  glass  sphere  normalized  by  stag¬ 
nation  heat  transfer  as  a  function  of  angular  position 
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length  direction  was  used.  For  comparison,  the  predictions  from  a  local  tur¬ 
bulent  flat-plate  method  devised  by  Beckwith  (Ref.  4)  are  also  presented.  The 
local  turbulent  flat-plate  prediction  is  based  on  Falkner * s  skin-friction  equa¬ 
tion,  the  Reynolds'  analogy,  and  the  laminar  heat-transfer  coefficient  at  the 
stagnation  point  from  Reshotko  and  Cohen  (Ref.  10).  If  it  is  assumed  that  the 
wall  temperature  remains  constant,  this  relation  is 


Nu/,/1^  is  evaluated  from  Ref.  10  for  T w/Tg  =  0.33 .  A  Pr  of  0.76  is  used 
and  the  velocity  gradient  at  the  stagnation  point  is  computed  from 

dx  R  L  p 
s 

No  account  of  surface  roughness  is  taken  in  either  prediction. 

From  the  smooth-wall  measurements,  it  is  seen  that  transition  apparently 

does  not  occur  at  the  Re^  obtainable. 

For  the  small-scale  roughness,  transition  occurs  for  all  Re^.  Maximum 

heat  transfer  reaches  nearly  the  same  value  for  all  Re  at  from  30  to  40  deg 

a*  6 

on  the  body.  As  Re^  is  increased  from  1.3  to  1.4  to  2.7  X  10  ,  transition  be¬ 
gins  at  20,  15,  and  then  10  deg  on  the  body. 

For  roughness  produced  by  0.01 -in.  and  0.04-in.  beads,  transition 
occurs  between  0  and  10  deg  and  peak  heating  at  35  and  30  deg,  respectively. 

The  stagnation-point  heat  transfer  was  not  always  available  because  the  thermo¬ 
meter  is  at  the  most  vulnerable  position  on  tie  body  and  experienced  a  high 
casualty  rate,  probably  from  diaphragm  particles. 

From  these  measurements,  it  can  be  concluded  that  the  Reynolds  number 
is  not  high  enough  for  natural  transition  for  smooth  walls,  but  as  the  wall 
becomes  rough,  transition  occurs.  For  the  small  scale  roughness,  the  measured 
heat  transfer  is  lower  than  that  predicted  by  both  the  local  turbulent  flat- 
plate  method  and  the  exact  solution  and  falls  increasingly  below  the  predictions 
as  6  increases  beyond  40  deg.  This  decrease  occurs  because  the  transition  did 
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not  occur  naturally  but  was  triggered  by  the  rough  surface.  As  the  boundary 
layer  increases  in  thickness  with  0,  the  surface  roughness  becomes  less 
significant  in  determining  the  heating  rate. 

For  the  0. 01-diameter  bead  roughnesses,  the  stagnation-point  heating 
with  no  notch  correction  was  reasonably  well  predicted  by  laminar  theory.  This 
is  in  contrast  to  the  measurements  of  Stress  and  Tynen  (Ref.  ll),  who  measured 
stagnation-point  heating  of  a  small,  flat  disk  in  a  heated  jet.  Their  measured 
heat  transfer  increased  beyond  laminar  theory  as  the  size  of  the  roughness 
increased.  Since  the  calorimeter  they  used  measured  the  average  heating  of 
the  rough  stagnation  point  disk,  they  reasoned  that  some  of  the  disk  protruded 
beyond  the  boundary  layer  into  the  hot  gas  at  the  edge  of  the  boundary  layer 
and  thus  reflected  higher  heating  rates.  In  the  present  tests  the  heating  is 
measured  at  the  surface  at  the  base  of  the  protuberances  and  should 
reflect  the  laminar  prediction. 

The  peak  heating  measured  for  the  0.01-  and  0.0;l-in.  bead  roughnesses 
is  just  slightly  higher  than  both  predictions.  However,  the  data  are  best 
correlated  by  the  exact  solutions  except  at  the  maximum  angular  position. 

Since  these  tests  began,  new  heating  data  have  been  obtained  by 

DiChristina  (Ref.  5)  on  a  7-in.  diameter  sphere  with  roughness  somewhat 

similar  in  scale  but  different  in  character  from  those  used  in  this  study. 

The  measurements  were  made  at  the  U.  S.  Naval  Ordnance  Laboratory  Mach  5  hi 

down  wind  tunnel  at  an  Re^  range  that  included  and  extended  beyond  the  preset 

work.  Hence,  natural  transition  could  be  obtained.  The  wall- temperature  ratio 

T  /T  was  Q.k. 
v'  s 

These  data  (Figs.  7,  8,  and  9)  show  that  transition  occurreu  at  a 
lower  Re ^  for  the  smooth  wall  than  that  indicated  by  the  results  of  the  present 
study.  For  the  small  scale  roughness,  the  peak  heating  obtained  was  nearly 
the  same  in  size  and  shape  as  that  obtained  for  the  0.01-in.  diameter  rough¬ 
ness  at  similar  Re^. 

In  the  large-scale  protuberance  model,  the  heating  was  30  percent 
greater  at  the  peak  than  in  the  present  work.  This  may  be  accounted  for  by 
the  shape  of  the  protuberances.  They  were  rectangular  projections  as  tall  as 
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Pig.  8.  Eeat  transfer  to  vail  vith  roughness  of  0.002  to  0.004 
in.  in  NOL  Mach  5  tunnel  (Ref.  11) 


OD 


they  were  wide  and  separated  by  the  same  width.  The  equivalent  sand  roughness 
can  be  several  timeo  the  maximum  dimension  (0.025  in.)  of  the  protuberance 
for  this  shape. 

At  the  stagnation  point,  the  heating  was  greater  than  the  laminar 
prediction  for  the  large-scale  protuberance.  Since  slug  calorimeters  were 
used  to  make  this  measurement  as  in  Ref.  1,  the  same  explanation  of  the  difference 
may  apply,  i.  e.,  the  protuberances  projected  out  into  the  free  stream  and 
reflect  greater  heating  than  would  be  predicted  at  the  wall  at  the  base  of  the 
boundary  layer. 
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V.  SUMMARY 


Heat  transfer  rates  to  the  forward  surface  of  a  4- in.  diameter  sphere 
were  measured  at  a  flow  of  Mach  5  at  Be^  from  1.3  to  2.9  x  10^.  The  sphere 
surface  varied  in  roughness  in  terms  of  stagnation-point  boundary-layer  thick¬ 
ness  6  frcm  smooth  to  12.5  6C  with  the  roughness  dimension  characterized  by 
Nikuradse 1 s  equivalent  sand  roughness  dimension.  For  the  smooth  wall,  the 
boundary  layer  remained  laminar  over  the  Re^  range.  Transition  was  obtained 

by  the  addition  of  roughness  equal  to  6  j  however,  the  resulting  turbulent 

s 

heating  was  lower  than  that  predicted  by  an  exact  solution  of  the  boundary- 
layer  equations.  When  the  roughness  was  changed  to  2  to  3  &s,  the  peak  heating 
reflected  the  predictions  more  closely. 

In  comparison  with  the  essentially  steady  wind-tunnel  measurement s  of 
Ref.  11  at  equivalent  flow  conditions,  the  present  work  yielded  generally  lower 
heat -transfer  rates  for  similar  roughness  dimensions.  It  is  proposed  that  the 
different  character  of  the  roughness  as  well  as  its  magnitude  could  influence 
the  measured  heat-transfer  rates. 


-21- 


REFERENCES 


1.  H.  K.  Strass  and  T.  W.  Tynen,  "Some  Effects  of  Roughness  on  Stagnation 

Point  Keat  Transfer  at  a  Mach  Number  of  2,  a  Stagnation  Temperature  of 
3530°F  and  a  Reynolds  Number  of  2.5  10^  per  foot,"  RM  L  58CIO  NACA, 

Langley  Field,  Virginia  (26  May  1958) * 

2.  W.  E.  Welsh,  Jr.,  "Shape  and  Surface  Roughness  Effects  on  Turbulent  Nose 
Tip  Ablation,"  AIAA  Fluid  and  Plasma  Dynamics  Conference,  San  Francisco, 
California  (16-I8  June  1969). 

3.  V.  S.  Avduyeskiy  and  V.  N.  Kalashnik "Problems  Associated  with  the 
Calculation  of  Friction  and  Heat  Transfer  in  a  Turbulent  Boundary  Layer," 
NASA  TT  F-ll  663,  Washington,  D.  C.  (April  1968). 

4.  J.  E.  Beckwith  and  J.  J.  Gallagher,  "Heat  Transfer  and  Recovery  Tempera¬ 
tures  on  a  Sphere  with  Laminar  Transitional  and  Turbulent  Boundary  Layers 
at  Mach  Numbers  of  2.00  and  4.15,"  NACA  TN  4125,  Langley  Field,  Virginia 
(December  1957). 

5.  V.  DiChristina,  ABRES  STHEET-A  Program,  Semi-annual  Progress  Report,  Avcc 
Corporation,  SD  052  869  CR,  (October  1969)* 

6.  G.  T.  Skinner  "Analog  Network  to  Convert  Surface  Temperature  to  Heat  Flux," 
Cornell  Aero  Laboratory'  Report  No.  CAL  100  (February  i960). 

7.  R.  J.  Vidal  "Model  Instrumentation  Techniques  for  Heat  Transfer  and  Force 
Measurement  in  a  Hypersonic  Shock  Tunnel,"  Cornell  Aero  Laboratory  Report 
AD-917-A-I  (February  1956). 

8.  H.  Schlichting,  Boundary  Layer  Theory,  McGraw  Hill  Book  Co.,  New  York, 

n.  r.  (196c)  p.  527. 

9.  A.  F.  Emery,  J.  A.  Sadunus,  and  M.  Loll,  Journ,  of  Heat  Transfer,  Trans 
ASME,  103-108  (February  1967). 

10.  E.  Reshotko  and  C.  B.  Cohen  "Heat  Transfer  at  the  Forward  Stagnation 
Point  of  Blunt  Bodies,"  NACA  TN  3513?  Lewis  Flight  Propulsion  Laboratory, 
Cleveland,  Ohio  (July  1955). 


-23- 


1 


Security  Classification 

DOCUMENT  CONTROL  DATA  -  R  &  D 

( Security  cl«*  if/.CAf/on  of  Of/#,  beefy  cf  abstract  one?  indexing  annotation  must  be  aniarad  whan  the  overall  report  ts  classified) 
t.  ORIOINA  TING  ACTIVITY  (Corporate  author)  TT»  REPORT  SECURITY  C  L  A3SI  FJC  A  TSON 

I  fTThi«»  /lovncriono  Pr\Y*T>r>Y»o+  -f  rvn  I  UllCl&SSif  iC& 


The  Aerospace  Corporation 
El  Segundo,  California 


2 b  CROUP 


3.  REPORT  TITLE 


EFFECT  OF  ROUGHNESS  ON  HEATING  AT  THE  FORWARD  SURFACE  OF  A  SPHERE  AT  MACH  5 

4  DESCRIPTIVE  NOTES  (Type  of  roporf  and  Inclusive  dates) 

"5  AUTHOR (3)  (First  name,  middle  Initial,  last  name) 

Robert  L.  Varwig 


6  REPO  RT  DATE 


id  APR  15 _ 

3a  CONTRACT  ON  GRANT  NO. 

F04701-6S-C-0066 


T  TOTAL  WO.  OF  PACES  7b  NO.  OF  REPS 


9«  ORIGINATOR'S  REPORT  NUMBER^ 


b  PROJECT  NO. 


TR-0066( 5240-10) -12 


9b  OTHER  REPORT  NOfS;  (A  ny  other  numbers  that  may  be  assigned 
this  report) 


SAMS0-TR-70-229 


10.  DISTRIBUTION  STATEMENT 


This  document  has  been  approved  for  public  release  and  sale*,  its 
distribution  is  unlimited. 


11.  SUPPLEMENTARY  NOTES 


1 3  'ABSTRACT 


12.  SPONSORING  MILITARY  ACTIVITY 


Space  and  Missile  Systems  Organization 
Air  Force  Systems  Command 
Los  Angeles,  California 


Heat  transfer  rates  to  the  forward  surface  of  a, 4- in.  diameter  sphere  were  measured 
at  a  flow  of  Mach  5  at  Rec  from  1.3  to  2.9  X  10°.  The  sphere  surface  varied  in 
roughness  in  terms  of  stagnation-point  boundary-layer  thicknesses  from  smooth  to 
12.5  6 s  with  the  roughness  dimension  characterized  by  Nikuxadse's  equivalent  sand 
roughness  dimension.  For  the  smooth  wall,  the  boundary  layer  remained  laminar  over 
the  Rep  range.  Transition  was  obtained  by  the  addition  of  roughness  equal  to  f>s; 
however,  the  resulting  turbulent  heating  was  lower  than  that  predicted  by  an  exact 
solution  of  the  smooth-wall  boundary-layer  equations.  When  the  roughness  was 
changed  to  2  to  3  6S,  the  peak  heating  reflected  the  predictions  more  closely. 

In  comparison  with  essentially  steady  wind-tunnel  measurements  at  equivalent  flow 
conditions,  the  present  work  yielded  generally  lower  he at- transfer  rates  for 
similar  roughness  dimensions.  It  is  proposed  that  the  different  character  of  the 
roughness  as  well  as  its  magnitude  could  influence  the  measured  heat- transfer  rates 


DO  1473 

fits  MIL  E* 


UNCLASSIFIED _ 

Security  Classification 


UNCLASSIFIED 


14 


KEY  WORDS 

Rough-wall  heat-transfer  measurements 
Shock- tunnel  testing 
I  Turbulent  heat  transfer 


Distribution  Statement  (Continued) 


Abstract  (Continued) 


UNCLASSIFIED 


Security  Classification 


